These domes have similar characteristics to terrestrial domes formed by viscous andesitic, dacitic, and rhyolitic lavas. A survey of more than 95% of the surface reveals 145 such features ranging from less than 10 km to almost 100 km in diameter, with a mean diameter of 23.8 km and a mean height of about 700 m. The domes are 10-100 times wider and have volumes (25-3400 km 3) orders of magnitude larger than analogous terrestrial features. The morphology of many of the domes suggests that they were emplaced in a single continuous mode rather than episodically. The domes are widely distributed over the planet (including one near the Venera 8 site) and occur preferentially in association with coronae and in plains adjacent to regional occurrences of tessera. They show no strong correlation with latitude and longitude, but are preferentially concentrated at altitudes near and just below the mean planetary radius; this altitude concentration may be related to the preferential development of neutral buoyancy zones and magma reservoirs at intermediate to higher altitudes. The common association of domes with coronae appears to be an indication of the importance of magma upwelling and magma reservoirs in the formation of domes. The probability that magma reservoirs on Venus will grow to unusually large sizes favors large-scale differentiation processes in such magma reservoirs. This suggests that production of large-volume magma bodies by in situ processes such as fractional crystallization or volatile enhancement is entirely plausible. The association with tesserae may be related to ab initio processes of melting of preexisting crust of evolved composition by stalling of basaltic magma at neutral buoyancy zones, comparable to the environment on terrestrial continents. The resemblance of the Venus domes to terrestrial rhyolite and dacite domes provides possible evidence for the emplacement of high viscosity magma on Venus. The extremely large volumes of the domes and evidence for their emplacement in a continuous mode has led us to develop two models for the emplacement of the Venus domes. In the compositionally evolved magma model, the high apparent viscosity is due to differentiation and evolution of basaltic magma to produce silicic magmas. Magmas with such compositions and viscosities can be erupted on Venus through fissures of plausible widths and at rates comparable to those observed on Earth; terrestrial rhyolite flows with volumes of 200 km 3 are known. A related possibility is that the domes are the undisrupted Venus equivalent of terrestrial ignimbrite-producing eruptions. The second model is a basaltic bubble enhancement model, in which the high apparent viscosity is due to the extrusion of basaltic foams following volatile enhancement in the upper part of a magma reservoir. Large volumes and single eruptive phases are plausible because of low magma viscosity during ascent, high viscosity on the surface, and enhanced bulk volume (compared to magmatic volume) caused by the high bubble content.
The domes are 10-100 times wider and have volumes (25-3400 km 3) orders of magnitude larger than analogous terrestrial features. The morphology of many of the domes suggests that they were emplaced in a single continuous mode rather than episodically. The domes are widely distributed over the planet (including one near the Venera 8 site) and occur preferentially in association with coronae and in plains adjacent to regional occurrences of tessera. They show no strong correlation with latitude and longitude, but are preferentially concentrated at altitudes near and just below the mean planetary radius; this altitude concentration may be related to the preferential development of neutral buoyancy zones and magma reservoirs at intermediate to higher altitudes. The common association of domes with coronae appears to be an indication of the importance of magma upwelling and magma reservoirs in the formation of domes. The probability that magma reservoirs on Venus will grow to unusually large sizes favors large-scale differentiation processes in such magma reservoirs. This suggests that production of large-volume magma bodies by in situ processes such as fractional crystallization or volatile enhancement is entirely plausible. The association with tesserae may be related to ab initio processes of melting of preexisting crust of evolved composition by stalling of basaltic magma at neutral buoyancy zones, comparable to the environment on terrestrial continents. The resemblance of the Venus domes to terrestrial rhyolite and dacite domes provides possible evidence for the emplacement of high viscosity magma on Venus. The extremely large volumes of the domes and evidence for their emplacement in a continuous mode has led us to develop two models for the emplacement of the Venus domes. In the compositionally evolved magma model, the high apparent viscosity is due to differentiation and evolution of basaltic magma to produce silicic magmas. Magmas with such compositions and viscosities can be erupted on Venus through fissures of plausible widths and at rates comparable to those observed on Earth; terrestrial rhyolite flows with volumes of 200 km 3 are known. A related possibility is that the domes are the undisrupted Venus equivalent of terrestrial ignimbrite-producing eruptions. The second model is a basaltic bubble enhancement model, in which the high apparent viscosity is due to the extrusion of basaltic foams following volatile enhancement in the upper part of a magma reservoir. Large volumes and single eruptive phases are plausible because of low magma viscosity during ascent, high viscosity on the surface, and enhanced bulk volume (compared to magmatic volume) caused by the high bubble content. Class VI, tiered dome. These features have at least two levels of steep-sided structure associated with them, defined either as a break in slope or as superposed cylinders of different radius or both. The centers of these cylinders are often offset. Although similar in some respects to the features informally called ticks, these domes differ from ticks in that they do not have distinctive radiating structures or "legs".
Class VII, fractured dome. These domes are characterized by intense fracturing or very rough surface texture. They differ from class I and lI domes by their more pervasive and throughgoing fracturing. They may represent domes from other classes which have been subsequently modified by tectonic deformation.
The majority of domes observed thus far fall into classes I and lI; however, the classes are intergradational and some domes may fall into more than one class. as three or more domes in close proximity and either overlapping or mostly being centered within one diameter of one another. These are distinguished from dome groups, which are similar, but where the separation distance is greater than one dome diameter. An overlapping dome cluster is shown in Figure 5 where three overlapping class H domes are aligned and overlap with a class IV dome. An example of a nonoverlapping dome cluster is shown in Figure 6 . Where topographic data were available, dome volumes were calculated assuming that the domes are fight circular cylinders. For most dome profiles this-will overestimate the actual volume. The previously discussed uncertainties in dome height will also affect the accuracy of this distribution, although these will tend to lead to an underestimate of dome volume. Detailed geometric analyses of domes are presently underway to refine these values. On the basis of presently available altimetric data, dome volumes range from <25 to not have the clearly defined radial and concentric or orthogonal structure observed on some other domes. The summits of the domes are marked by subdued lineaments which appear to follow the trend of the ridges in the plains. In general, the regional plains lineament pattern appears to be similar to the trends of lineaments in the domes, suggesting that the regional deformation might be responsible for the dome lineaments, and thus postdates them. However, the density of fractures in the domes is somewhat less than that in the plains, suggesting that the domes may have been emplaced during the deformation of the plains. The strike of the three western domes and the parallel strike of the plains lineaments suggest that their common orientation may Hg. 14d. Dome modified by rifting and collapse of its southem margin (width of dome is 18.8 km; located in Eisfia Regio; portion of F-MIDR 25N357).
Modes of Occurrence and Groupings

Morphometric Characteristics of the
represent the orientation of the dike system at depth. In one case (the SE dome), the fractures in the plains within about a dome radius appear to converge on the dome in a generally radial pattern. This may be the result of upwelling of magma in the subsurface, raising the surface and causing extensional fracturing. Fink and Pollard [1983] suggest that fractures converging toward a dome may form above a rising dike that feeds that dome, so that they would predate dome emplacement.
Alternatively, the fracturing could be due to the superposed load of the dome or evacuation of the reservoir, both causing subsidence and deformation. Unforttmately, the resolution of the altimetry is not sufficient to distinguish whether there is a positive or negative slope immediately surrounding the dome.
A third cluster ( Figure 6 ) consists of three class II nonoverlapping domes located on a mottled, lineated plain. The largest of the domes is 62 km in diameter, the medium one is 58 km across, and the smallest is approximately 21 km in diameter. Altimetry measurements indicate that the largest dome is about 1150 m high with the smallest being about 1000 m high. The midsized dome, perhaps because of the slumping described below, appears to be only about 450 m high. The lineaments in the plains trend NW-SE and NE-SW in the western part of the image and N-S and NW-SE in the eastern section of the image. The NE-SW trending set is parallel to the strike of the two largest domes and may be related to the orientation of a dike system at depth. The N-S oriented ridges appear to be superposed on the NE-SW trending set and also cut the northern most dome, suggesting that they r•present the latest deformation. An impact crater surrounded by concentric sinuous ridges appears in the northeastern sector of the image. The circularity of the domes is striking and this, combined with the lack of subsidiary structures, vents, and flows, strongly suggests that the domes have been emplaced in a single phase or series of pulses spaced closely enough that significant cooling did not take place.
The 
Global Distribution and Associations
Our global survey has revealed the distribution of domes on the surface of Venus (Figure 15) . Gaps or spatial variations in the distribution appear for several reasons other than those related to differences in density per unit area. First, the Mercator projection used to display the distribution data can be deceptive; the distortion near the poles makes these regions appear to be sparsely populated with domes. Second, a complete global data set is not yet available. Regions for which data are unavailable have been indicated in gray on the distribution map.
Taking these factors into account, however, shows that certain imaged areas of the planet, such as the highlands of Ishtar Terra and Aphrodite Terra, have anomalously low dome frequency. These highland regions consist primarily of tessera regions and mountain belts. In these cases, domes may have formed only to be destroyed by the processes which characterize these upland regions. Atalanta Planitia, the lowest region on the planet, is similarly lacking in domes.
Other lowland areas such as Lavinia Planitia and Aino Planitia south of Thetis Regio also have an anomalously low dome population. The deficiency in these low areas may be due to the emplacement of volcanic plains which may have covered any domes that formed there. Alternatively, the formation of domes may be linked to altitude; aspects of the formation or emplacement process may be influenced by surface temperatures and pressures which vary markedly across the range of observed altitude. The formation of neutral buoyancy zones [Ryan, 1987] The Venera 8 mission was the only one to find evidence for the presence of significantly evolved magmas on Venus been proposed by some researchers to be "continentlike" crust less dense than the basaltic plains material [Nikolayeva, 1990] . If this is true, then the presence of viscous magmas would be easier to explain, as they could arise from the remelting of a differentiated crust. We evaluate these and other models in a later section.
•STmAL ANALOGS
Steep-sided, circular to irregularly shaped domes with blocky, rough summits sometimes characterized by concentric ridges (ogives), marginal talus slopes, and associated flows and pyroclastic deposits (Figures 18a-18e) (Figure 19 ). Curved concentric ridges on the carapace or flow surface (ogives) are convex in the downflow direction. They may be caused by the deformation of a thermal boundary layer; their wavelength and amplitude are theri dependent on several factors, and minimum viscosity values can be derived from these data [Fink, 1980] . They may also be related to variations in internal ramp structure. Examples of curved concentric distal ridges can be seen in Figure 1 . The distance to the transition between distal folds and proximal fractures has been used to estimate the extrusion rate [Fink and Griffiths, 1990] .
Vents may be fed by dikes or dike segments [Fink and Pollard, 1983 ] as evidenced by vent alignment, cracks and graben connecting vents, and fractures on domes that parallel the alignment. The geometry of domes and their surface slxucture can be used to determine if the underlying conduit is circular or elongate. There is evidence that simultaneous formation of domes along a dike often takes place [Miller, 
Basic Petrogenetic Environments
The mode of occurrence and associations of domes on Venus (primarily within coronae and adjacent to tesserae; Table 2) at neutral buoyancy zones and remobilize the less dense continental crust. Although the high-standing nature of tesserae on Venus could be due in part to compositional differences (Pratt isostasy), making tesserae analogous to terrestrial continents [Nikolayeva, 1990] , it could also be related solely to crustal thickness differences in a basaltic crust (Airy isostasy) [Head, 1990] . Distinguishing between these possibilities requires detailed information about crustal and magma composition and the sequence of emplacement of deposits. Venera analyses of the surface composition show predominantly basaltic compositions [Surkov et al., 1977 [Surkov et al., , 1984 [Surkov et al., , 1987 Nikolayeva [1990] to propose that Venera 8 materials represent an evolved intermediate composition (in the quartz monzonite/quartz syenite compositional range). The association of at least some of these domes with large magma reservoirs is given some credibility by the presence of domes in the vicinity of the Venera 8 landing site and the location of the site within a coronalike feature. In addition, many domes are associated with the ring fractures of coronae (Figure 17a ), suggesting that they may have been emplaced in conjunction with reservoir evolution. Isotopic data that would distinguish fractional crystallization of a reservoir and partial melting of the crust are unavailable, however. In summary, associations suggest two basic environments of formation: (1) tesserae, with ab initio processes related to the partial melting of country rock of basaltic or more evolved composition, and (2) coronae, where ab initio processes and/or in situ processes associated with fractional crystallization of a large magma reservoir are operating. In the next section, we assess further some aspects of the magma reservoir model. ]. H is the depth of the magma source. The depth is important because of the distance the magma has to travel to reach the surface; a magma with a given starting temperature and cooling rate will have to move faster to reach the surface before crystallizing if it is rising from greater depths. Magma rising at this critical speed (uct) will be traveling in a fissure with a certain half width ret. A fissure any narrower would slow the magma to less than u,t, forcing the melt to crystallize at depth. Equations (1) and (2) may be combined to give a relation for r,t. This is
Models for Magma Ascent From a Reservoir
8g(Ph-Pt) Thus, rct is the minimum fissure width that will allow a magma with viscosity r I to erupt at the surface if driven by the pressure gradient due to a density contrast (ph-pt).
Equations (2) The main point of this minimum fissure width calculation is to see if the extremely high viscosities postulated for silicic Venus magmas (especially rhyolites) would prevent these melts from rising to the surface in geologically reasonable conduits. The minimum conduit sizes for magma bodies with the theological parameters used in the above example seem reasonable; if Venus has silicic magma bodies with these theological parameters, then melt from such bodies probably could rise to fuel eruptions. However, extreme combinations of high viscosities and low driving density contrasts can raise the minimum conduit sizes for silicic magmas out of the geologically plausible range, suggesting that such highviscosity (i.e., low temperature) or high-density magma bodies might form plutons rather than near-surface magma chambers.
Minimum
flow rates and fissure widths such as those calculated above are probably underestimates, since the plumbing system through which magma moves is likely to be full of irregularities that would increase resistance to magma motion. Rise speeds and fissure widths calculated with equations (2) and (3) Table 3 , Columns 2 and 4 give values of width (2r) for the highest density contrast and the lowest lava viscosity, the circumstances producing the narrowest fissures. Columns 3 and 5 give the results for the lowest density contrast and the highest lava viscosity, the circumstances producing the widest fissures. Columns 3 and 5 show fissures that axe only slightly wider than axe common for terrestrial mafic dikes, indicating that silicic magmas of these extreme compositions on Venus may still be able to achieve maximum effusion rates compaxable to those on Eaxth. Certainly, columns 2 and 4 show that at least some Venus rhyolites and andesires could reach maximum terrestrial effusion rates during eruptions through fissures no wider than those found on Earth. Table 3 suggests that maximum effusion rate rhyolite eruptions on Venus may come from both short, wide fissures, and long, narrow ones. Andesitc has lower density contrasts than rhyolite and a much higher maximum effusion rate and, as a result, maximum effusion rate andesitc eruptions on Venus may have to come from fissures with high L/w ratios. For either silicic lava type, high effusion rate eruptions should be possible on Venus for a range of geologically plausible fissure geometries.
Volatile exsolution is another mechanism for decreasing magma density and causing vertical migration of magmas from reservoirs. Basaltic magma containing average abundances of volatiles and residing in the upper part of a magma reservoir at depths shallower than ~6 km on Venus will be supersaturated in CO2 and will exsolve gas bubbles. These bubbles can rise buoyantly in the melt and become concentrated at the roof of the reservoir, thus lowering the bulk density of the magma there. At a depth of 1 km, an average magma (~0.35 wt % CO 2, liquid density 2700 kg/m 3) will exsolve ~0.3 wt % CO2 and will have a bulk density of ~2500 kg/m 3 (corresponding to a bubble volume fraction of 8%). If no bubble migration took place and this magma was erupted to the surface, expansion of its gas phase would reduce the bulk density to ---1900 kg/m 3 (corresponding to a bubble volume fraction of 30%). If a concentration of gas bubbles into the upper part of the magma layer took place before eruption began, however, the bulk density on eruption would be considerably less. If a fourfold concentration occurred, the bulk density on eruption would be close to 1000 kg/m 3 (corresponding to a bubble volume fraction of 63%). 'An eightfold concentration would cause the bulk density to be 620 kg/m 3, and the ratio of gas volume to liquid volume in the erupting lavas would be very close to 3:1 (bubble volume fraction of 75%), the point at which bubbles cannot be packed more closely and at which explosive disruption of magmatic foams into released gas and pyroclastic fragments normally takes place [Sparks, 1978] . In order to reach the 3:1 gas:liquid ratio at which bubble close packing occurs in the magma reservoir itself, there would have to be a 36ofold increase in gas bubble concentration. In summary, volatile exsolution and gas bubble concentration may well be an important mechanism for vertical ascent of magma from its reservoir , 1986] , such flows will also be very glassy on the surface. At high temperatures, heat transfer across the bubbles by radiation will be a very important process and will enhance this trend. The extremely high bubble content will significantly affect the viscosity as the gas-rich magma rises and emerges to the surface. Small quantities of deformable gas bubbles in a magmatic liquid can serve to decrease its bulk viscosity. At high bubble concentrations, however, (1) liquid migration within the magma will be difficult because the liquid must travel along the thin interbubble walls, and (2) the bubbles will have difficulty moving relative to one another. These two factors can readily cause well over an order of magnitude increase in the viscosity of the fluid [Sibree, 1934; Kraynik, 1988; Jaupart and Vergniolle, 1989 ]. This increase in viscosity could result in surface morphologic features that would be comparable to those seen on flows whose high viscosity is due to a more silicic composition.
Volatile Enhancement
In It is therefore clearly plausible to produce eruptions of basaltic lavas of large volume and apparent high viscosity that are comparable in composition to basalts with common terrestrial volatile contents. Thus, the basic physical properties of some of the Venus domes may be due simply to enhanced bubble concentration in large, shallow magma reservoirs and the influence of the atmosphere on gas exsolution on the surface of Venus. High-volume, high discharge rate, gas-rich basaltic magmas could produce largevolume, high-viscosity flows, particularly if gas content is enhanced in the magma reservoir. This model combines the low viscosity of the basaltic magma during ascent (to ensure large volumes and high discharge rates) with the high viscosity of the flow (due to the extremely high bubble content) as it emerges from the vent, to produce the largevolume, apparently high-viscosity steep-sided dome features.
High-volume, high discharge rate, gas-rich magmas of more evolved composition are also plausible on Venus [Hess and Head, 1990] . In this case on Earth, magma disruption would commonly result in the formation of an ignimbrite. On Venus, inhibition of exsolution could result in the same type of eruption producing a steep-sided dome; however, the magma would be of initially higher viscosity and thus its effusion rate might be lower than in the basaltic case.
Models of Dome Growth
We have applied three different mathematical models to describe the growth of domes. Huppert et al. [1982] 
Here V is the volume of the dome, h is its height, and r is the radius. The duration of the eruption, t, is
where F is the assumed effusion rate.
We next assume that dome shape is frozen when eruption stops (i.e., that no further sagging or slumping takes place) and calculate the radius and height for each dome using the model of Huppert et al. [1982] . Radius is given by The large volumes and single eruptive phases are plausible because of the low magma viscosity during ascent, the high apparent viscosity on the surface, and the enhanced bulk volume (compared to magmatic volume) caused by the high bubble content. It is possible that both the compositional evolution and volatile enhancement processes may be occurring, but under different geologic conditions. Future work will examine these petrologic models in greater detail.
Models for Dome Emplacement
Three models of lava dome growth were applied to the Venus domes. The NewtonJan model suggests the domes may have extremely high viscosities for silicates and effusion rates more similar to those of terrestrial andesitic eruptions than of basaltic eruptions. However, this model had difficulty reproducing the observed aspect ratios with plausible viscosity values. The Bingham plastic model suggested yield strengths consistent with laboratory and field measurements of the theology of both basaltic and silicic rocks. A test of Bingham plastic behavior suggests that this model may be inappropriate; however, this may be due to problems encountered in measuring heights, or the model may be made more appropriate if a temperature-dependent yield strength were included in the calculations (J.H. Fink, personal communication, 1992) . The brittle shell model needs to be extended to aspect ratios of ~100 to 1 before it would be applicable to the Venus domes. At present, none of our modeling efforts have produced a consistent growth model; however, we propose that the morphology and unusual symmetry of the domes are indications that the eruptions which formed them involved single pulses of high viscosity magma.
Implications for Crustal Formation and Evolution
These domes may be evidence for the presence of more evolved compositions on Venus, and several models for their occurrence and emplacement (e.g., ab initio processes) permit the presence of crustal material of more evolved compositions. However, the basaltic bubble enhancement model explains many of the characteristics of the domes without calling on widespread and extreme differentiation processes. Additional assessment of these models and the characteristics and environments of the domes on Venus is required to understand fully the implications of their presence for processes of crustal differentiation and evolution.
Further Work
We are continuing our examination of individual dome features, their geologic settings, and relationships to tectonic structure in order to assess modes of eraplacement, petrologle diversity, thermal structure, and crustal evolution on Venus.
